Abstract: This paper presents nonlinear model following control for a class of nonlinear systems using the fuzzy model-based control approach. We propose the construction method of augmented fuzzy control system for continuous-time nonlinear systems by differentiating the original nonlinear system. Moreover, we introduce the dynamic fuzzy controller which can make outputs of the nonlinear system converge to outputs of the reference nonlinear system, and derive the controller design conditions in terms of LMIs. A design example illustrates the utility of this approach.
INTRODUCTION
Recently, fuzzy model-based control has been discussed in a huge number of literatures [2] - [5] . Most of them deal with Takagi-Sugeno (T-S) fuzzy model [1] and LMI-based designs [11] . By employing the T-S fuzzy model, which utilizes local linear system description for each rule, we can devise a control methodology to fully take advantages of linear control theory. However, most of literatures have mainly dealt with the regulation problem to discuss stability or convergence to the origin. Unfortunately, theoretical controllability of model following control for nonlinear systems was not discussed in the literature. In [6] , nonlinear model following control based on cancellation technique is discussed. The control approach is powerful. However, it is difficult to apply the control approach to systems which the cancellation technique cannot work well.
In this paper, we deal with model following control for a class of nonlinear systems using the fuzzy model-based control approach. We propose the construction method of augmented fuzzy control system for continuous-time nonlinear systems by differentiating the original nonlinear system. Moreover, we introduce the dynamic fuzzy controller which can make outputs of the nonlinear systems converge to the outputs of the reference nonlinear system, and derive the controller design conditions in terms of LMIs. A design example illustrates the utility of this approach.
PRELIMINARY RESULTS
In this section, we explain the basic procedures of fuzzy modelbased control approach for nonlinear systems and model following control for linear systems.
Fuzzy Model-based Control [6]
Consider the following continuous-time nonlinear system. 
where
T is the input vector, y(t) = [y 1 (t) y 2 (t) · · · y q (t)] is the output vector. For the above nonlinear system, by applying sector nonlinearity concept [6] , we can obtain the following T-S fuzzy model.
where, i = 1, 2, · · · , r and r is the number of fuzzy model rules. M ij is the fuzzy set. z j (t) is the known premise variable. The fuzzy reasoning process is defined aṡ 
) and h i (z(t)) have the following properties.
To stabilize the T-S fuzzy model (4), we employ the so-called parallel distributed compensation (PDC) control approach [2, 3] . The PDC fuzzy controller is represented as
where K i is a feedback gain. The PDC fuzzy controller design is to determine the feedback gains K i . By substituting (6) into (4), the overall fuzzy control system is represented as follows:
The feedback gain K i is determined by solving Theorem 1.
If there exist positive definite matrix X and M i satisfying (8), (9) and (10) , then the fuzzy model (4) can be stabilized by the fuzzy controller (6) .
∀i, i < j,
Model Following Control for Linear Systems
In this section, we explain the model following control for continuous-time linear systems. Consider the following linear system.ẋ
y(t) = Cx(t) (12) For the above linear system, we consider the model following control problem, that is, the control problem to make the output y(t) converge to the output of the following reference linear system.ẋ r (t) = A r x r (t) + B r r (13)
where r is the constant vector. We assume that x(t) and x r (t) are measurable.
Firstly, we define the error vector e(t) and its time derivative as follows:
Then, by differentiating the linear system (11) and the reference system (13) with respect to time t, we can obtain the following equations.
Next, we construct the following augmented system by adding (16), (17) and (18).
Finally, we design the following dynamic controller to stabilize the augmented system (19).
where K is a feedback gain. The controller design is to determine the feedback gain K. By substituting (20) into (19), we can obtain the following linear control system.
The feedback gain K is determined by solving Theorem 2.
Theorem 2. If there exist positive definite matrix X and M satisfying (22) and (23), then the augmented system (19) can be stabilized by the dynamic controller (20).
By using the designed controller, we can make the output y(t) of the linear system (11) converge to the output y r (t) of the linear reference system (13).
FUZZY MODEL-BASED MODEL FOLLOWING CONTROL FOR NONLINEAR SYSTEMS
In this section, we propose fuzzy model based model following control. Consider the following continuous-time nonlinear system.ẋ
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y r (t) = g r (x r (t)) (27) We assume that f , g, f r and g r are known. We define the error vector e(t) as follows:
Construction of Augmented Fuzzy System
Firstly, we construct the following time-derivative systems by differentiating the nonlinear system (24) and the reference system (26) with respect to time t.
x r (t) = F r (x r (t),ẋ r (t)) (30) Then, by differentiating error vector (28) with respect to time t, we can obtain the following equation.
(31) Next, by adding (29), (30) and (31), the augmented system is constructed as follows:
By applying sector nonlinearity concept [6] to each nonlinear term in the augmented system (32), we can obtain the following augmented T-S fuzzy model.
Remark 1. From the property of differentiation, note that total derivatives of (29), (30) and (31) are represented as the following forms.
This means that the time derivatives of the nonlinear system (24), the reference system (26) and the error vector (28) are linear with respect toẋ(t),ẋ r (t) andu(t). Therefore, the augmented system (32) can be represented as the augmented T-S fuzzy model (33) which has linear consequent parts with respect toẋ(t),ẋ r (t) andu(t).
Dynamic Fuzzy Controller Design
To stabilize the augmented T-S fuzzy model (33), we propose the following dynamic PDC controller.
whereK i is a feedback gain. By utilizing the dynamic controller, note that the membership function h i (x(t), u(t), x r (t)) can be calculated although the membership function includes the control input u(t). Moreover,ẋ(t) andẋ r (t) can be calculated from Eqs. (24) and (26). By substituting the dynamic controller (34) into the augmented fuzzy model (33), we can obtain the following fuzzy control system.
h i (x(t), u(t), x r (t))h j (x(t), u(t), x r (t))
The feedback gainK i is determined by solving Theorem 3. Note that (36), (37) and (38) are represented in terms of LMIs. Hence we can effectively determine the feedback gains by computer software like MATLAB.
Theorem 3.
If there exist positive definite matrix X andM i satisfying (36), (37) and (38), then the fuzzy system (33) can be stabilized by the dynamic fuzzy controller (34).
By using the designed dynamic fuzzy controller, we can make the output y(t) of the nonlinear system (24) converge to the output y r (t) of the reference system (26). The dynamic controller may cause slow convergence and large error. By using the following theorem, we can guarantee the maximum value of error vector e(t).
The constraint e ℓ (t) ≤ µ ℓ is enforced at all times if the LMIs
hold, whereC ℓ is the vector to determine which error is constrained, that is, e ℓ (t) =C ℓx (t), where,
c ℓ ∈ R 1×q is a vector whose ℓth element is 1 and all the other elements are 0.
DESIGN EXAMPLE
To illustrate the utility of this model following control approach, we show a simulation example.
Consider the following nonlinear system.
where we assume that |x 1 (t)| ≤ 10, |x 2 (t)| ≤ 5, |u(t)| ≤ 5. In many cases, these assumptions are determined from the physical specification of the system. For the above nonlinear system, we consider the model following control problem to make the output y(t) converge to the output of the following reference system.
We define the error system e(t) as follows:
Firstly, by differentiating the nonlinear system (39), the reference system (41) and the error system (43) with respect to time t, we can obtain the following augmented system.
Then, by applying sector nonlinearity concept to the nonlinear terms cos x 1 (t), u(t) and x 2 (t) in the augmented system, the augmented T-S fuzzy model is constructed as follows: 
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CONCLUSIONS
This paper has presented model following control for a class of nonlinear systems using the fuzzy model-based control approach. We have shown the construction method of augmented fuzzy control system for continuous-time nonlinear systems by differentiating the original nonlinear system and the reference system. Moreover, we have introduced the dynamic fuzzy controller which can make the output of the nonlinear system converge to the output of the reference system, and derived the controller design conditions in terms of LMIs.
Our future work is to apply this approach to real complicated systems. 
